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Postharvest diseases cause considerable losses to harvested crops. Among them, gray mold (Botrytis ci-
nerea) is a major problem of exporting to cut rose ﬂowers into Korea. Irradiation treatment is an alter-
native to phytosanitary purposes and a useful nonchemical approach to the control of postharvest dis-
eases. Gamma irradiation was evaluated for its in vitro and in vivo antifungal activity against B. cinerea on
cut rose varieties, ‘Shooting Star’ and ‘Babe’. The irradiating dose required to reduce the population by
90%, D10, was 0.99 kGy. Gamma irradiation showed complete inhibition of spore germination and my-
celial growth of B. cinerea, especially 4.0 kGy in vitro. Antifungal activity of gamma irradiation on rose B.
cinerea is a dose-dependent manner. A signiﬁcant phytotoxicity such as bent neck in cut rose quality was
shown from gamma irradiation at over 0.4 kGy (po0.05) in both varieties. Although there is no sig-
niﬁcant difference in both varieties for fresh weight, in the case of ﬂower rate, ‘Babe’ shows more sen-
sitivity than ‘Shooting Star’. In vivo assays demonstrated that established doses in in vitro, over 4 kGy,
could completely inactive fungal pathogens, but such high doses can cause severe ﬂowers damage. Thus,
to eliminate negative impact on their quality, gamma irradiation was evaluated at lower doses in com-
bination with an eco-friendly chemical, sodium dichloroisocyanurate (NaDCC) to examine the inhibition
of B. cinerea. Intriguingly, only the combined treatment with 0.2 kGy of gamma irradiation and 70 ppm of
NaDCC exhibited signiﬁcant synergistic antifungal activity against blue mold decay in both varieties.
Together, these results suggest that a synergistic effect of the combined treatment with gamma irra-
diation and NaDCC can be efﬁciently used to control the postharvest diseases in cut rose ﬂowers, and will
provide a promising technology for horticulture products for exportation.
& 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
The rose (Rosa hybrid L.) is one of the most popular cut ﬂower
crop grown for exportation in the world. When exporting fresh cut
ﬂowers to foreign markets, losses owing to postharvest disease
during postharvest handling are a main concern. Infected cut
ﬂowers may not be sold as fresh ﬂowers, which brings a lower
price or causes them to be postharvest wastage. Botrytis rot,Ltd. This is an open access article ucaused by the serious fungal pathogen Botrytis cinerea Pers. is a
widespread disease of ornamental crops, ﬂowers, and
vegetables (Schwinn, 1992). Infection by B. cinerea signiﬁcantly
reduces the quality of rose ﬂowers causing substantial economic
loss (Vrind, 2005). Once infected petals as restricted lesions during
ﬂower develop, these lesions become necrotic and spread to the
whole petals, resulting in a collapse of the ﬂower head and petal
drop (Elad, 1998). Moreover, humid (relative humidity; RH above
93%) conditions promote the disease occurrence during storage
and transport (Willianson et al., 1995).
Control of B. cinerea in cut ﬂowers has applied synthetic che-
mical fungicides (e.g. benzimidazoles and dicarboximides) eithernder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
E.-H. Chu et al. / Radiation Physics and Chemistry 115 (2015) 22–29 23as pre-harvest sprays in the greenhouse or as postharvest dips of
cut ﬂowers (Elad and Shtienberg, 1995). However, the continued
use of chemical fungicides is limited because of the development
of fungal resistance and growing public concerns over the human
health and environmental risks over chemical residues (William-
son et al., 2007). Alternative treatments have been used to reduce
B. cinerea infection on rose ﬂowers including the treatment of a
CO2 atmosphere (Hammer et al., 1990), photochemical treatments
(Baka et al., 1999), and treatment with calcium sulfate (De Cap-
deville et al., 2005). However, these alternative treatments do not
efﬁciently control this fungal pathogen. Therefore, it is urgent to
develop an eco-friendly treatment to control postharvest disease
as well as increase the vase-life of cut roses.
Irradiation is used as a pest control technology in over 40
countries. Irradiation is a viable alternative and an effective non-
chemical treatment for control of postharvest diseases (Hallman,
2011). For many years, it has been suggested that ionizing irra-
diation might be used to sterilize or kill pests without damaging
the ﬂowers. Some advantages of irradiation have even suggested
that irradiation treatment may improve the life of the cut ﬂowers
(Cia et al., 2007). The effects of irradiation are dependent on the
fungal development, treatment dose, moisture condition, compo-
sition of products, and storage conditions. Although doses of as
low as 0.2 kGy are sufﬁcient to sterilize most harmful insects, it is
not possible to fully control postharvest fungal diseases of cut
ﬂowers (Blank and Corrigan, 1995). Moreover, the radiation doses
required to control fungi have a negative effect such as leaf drop
and a bent neck of the cut ﬂowers (Fjeld et al., 1994). Therefore, it
is necessary to reduce the irradiation dose to inhibit of the de-
velopment of postharvest disease with other alternative treat-
ments. One of the effective alternative approaches is the use of
gamma irradiation with the combination of other treatments such
as eco-friendly agents, natural compounds, and physical treat-
ments and thereby to increase the effectiveness, to decrease the
negative effect by lower doses compared to a single treatment (Cia
et al., 2007).
One of the promising treatments with irradiation to disinfect
postharvest diseases is chlorination. Chlorination damages mi-
crobe cell membranes, proteins, and nucleic acid by oxidative
degradation (Dychdala, 1983). This is an effective, relatively in-
expensive, and non-residual chemical that is widely used to re-
duce bacterial and fungal diseases on fruit and vegetables surfaces
and processing equipment (Suslow, 1997).
In the present study, we hypothesized that postharvest treat-
ment of cut rose ﬂowers with combined treatment of gamma ir-
radiation with dichloroisocyanurate (NaDCC) will reduce the de-
velopment of B. cinerea. The effect of gamma irradiation on the
physiological responses of fungal spores and cut rose ﬂowers was
evaluated. Moreover, we determined the optimal condition for
control of postharvest B. cinerea of cut rose ﬂowers. The aim of the
present study is to determine the feasibility of using the combined
treatment with gamma irradiation and NaDCC for postharvest
control of B. cinerea infections on cut rose ﬂowers.2. Materials and methods
2.1. Preparation of cut rose ﬂowers and fungus
Two cultivars of cut roses (Rosa hybrid L.) – Babe and Shooting
Star – were obtained from a commercial grower. The ﬂowers were
harvested at the normal growth stage, when sepals begin to split
and petals become visible. The stems were recut 30 cm below the
receptacles, and all except the two or three distal leaves were
removed. Each experimental unit consisted of three ﬂowers in a
500-mL bottle containing 200 mL of water.B. cinerea was isolated from infected cut roses found in com-
mercial growers' cold storage facilities. For a pure culture, isolated
individual conidia were transferred to potato dextrose agar (PDA,
Difo Laboratories, Detroit, MI). Prior to each experiment, all cul-
tures were grown on PDA at 25 °C for 14 days. Cultures were
transferred to a fresh PDA every 30 days. For fungal identiﬁcation,
the genomic DNA was isolated from the fungus using a DNA ex-
traction kit (Bioneer, Korea) according to the manufacturer's
manual. The extracted DNA was used as a template to amplify 18s
rRNA genes using the primers ITS1 and ITS4 (White et al., 1990).
PCR products were sequenced, and a blast search was requested
from a commercial analysis service (Solgent Inc., Daejeon, Korea).
2.2. Preparation of fungal conidia
To harvest the conidia, about 10 mL of sterile distilled water
(DW) was added to a culture dish and the conidia were gently
harvested by ﬁltration through four layers of gauze. The conidial
suspensions were collected in sterile screw-cap test tubes
(16100 mm2) containing 15 mL of sterile distilled water and
ﬁltered twice using sterile Pasteur pipettes (4.62 mm) packed with
glass wool. The procedure was used to remove mycelial fragments
and conidial clumps (Saleh et al., 1988). The concentration of
conidia was measured using a hemacytometer (Warner–Lambert
Technologies Inc., Buffalo, N.Y.). The ﬁnal conidial concentration
was adjusted to 105 conidia mL1 with DW for the experiments.
2.3. Spore germination and structural analysis
Spores were treated with gamma irradiation and then in-
cubated for the indicated times at 25 °C. Under a microscope
(40 ), for every zone selected, germinated and non-germinated
spores were counted (Eclipse Ni, Nikon, Japan). Ten representative
zones were selected at random. The sum of germinated spores
over the total spores present determined the percentage of ger-
mination for B. cinerea at the time of the sampling. Sampling was
carried out in triplicate. For an SEM analysis, dehydrated spores
were dried by incubating in hexamethyldisilazane (HMDS) for
15 min twice, mounted on carbon tape, coated with platinum, and
then examined under a scanning electron microscope (SEM) (JEOL,
Tokyo, Japan).
2.4. Gamma irradiation and NaDCC treatment
A cobalt-60 gamma irradiator at the Korea Atomic Energy Re-
search Institute, Jeongeup, Korea (150 TBq capacity; ACEL, MDS
Nordion, Canada) was used for the irradiation. All of the absorbed
doses were calibrated using alanine dosimeters with a diameter of
5 mm (Bruker Instruments, Rheinstetten, Germany), where a
Bruker EMS 104 EPR analyzer (Bruker Instruments, Rheinstetten,
Germany) was used to determine the free-radical signals. For
chlorination, the cut roses were sprayed with sodium di-
chloroisocyanurate (NaDCC; Sigma-Aldrich, Poole, UK) at various
concentrations (from 30 to 70 ppm). After irradiation, the irra-
diated-suspensions were serially diluted in DW and plated on PDA,
and then incubated at 25 °C for 3 days. Survival curves were cre-
ated by plotting the survivor CFU/mL versus the actual radiation
dose and NaDCC concentrations. The curves were ﬁtted by linear
regression, and the radiation sensitivity was expressed as D10 va-
lues, the dose required for reducing the given population by 90% of
its initial value. The D10 value was determined from the reciprocal
of the slope for the straight-line portion of the survival curve (Ley,
1983). Agar disks (5 mm in diameter) were isolated from a solid
culture of B. cinerea irradiated and each agar disk was placed on a
PDA medium. Agar disks of irradiated B. cinerea were inoculated in
a petri-dish (90 mm in diameter). After incubation at 25 °C in dark
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average colony radius.
2.5. Procedure of B. cinerea inoculation on cut rose ﬂowers
Cut rose ﬂowers were inoculated by spraying with 105 conidia
to the point of incipient runoff. Non-inoculated controls, sprayed
with distilled water, were included as a negative control for dis-
ease levels. After inoculation of B. cinerea, the ﬂowers were placed
in humidiﬁed storage chambers (relative humidity ranged from 95
to 100%) at 25 °C. Condensation was present on the petals
throughout the storage period. The ﬂowers were removed from
storage 7–10 days after inoculation, and disease severity was
evaluated as the number of lesions on each ﬂower.
2.6. Physical changes on cut rose ﬂowers to gamma irradiation
Following gamma irradiation, the physical changes were
monitored from ﬂower opening and fresh weight. Flower opening
and fresh weight were recorded daily according to the method of
Rattanawisalanon et al. (2003). For the ﬂower opening, the0 kGy 0.4 kGy 0.8 kGy
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Fig. 1. Sensitivity of gamma irradiation of B. cinerea of cut rose ﬂowers. (A) Survival curv
0.8, 1, 2, and 4 kGy. Counts were recorded as log colony-forming units (log CFU)/mL s
reciprocal of the survival slope. Experiments were conducted independently three tim
expose with various doses of gamma irradiation (0, 0.4, 0.8, 1.2, 2.0, and 4.0 kGy). (C) Cha
percentage of fungal inhibition compared to untreated control of 0 kGy. The values follow
range test (n¼3).diameter of irradiated-cut rose was measured at doses of 0.2, 0.4,
and 0.6 kGy of gamma irradiation at 1 and 10 days. The vase life of
an inﬂorescence was considered terminated when 50% of the open
ﬂowers had wilted or abscised. The fresh weight of whole ﬂower
stems was also determined after gamma irradiation at 1 and 10
days. The percentage of change in fresh weight relative to the in-
itial weight was then calculated for each time point. Experiments
were repeated three times with similar results, and the results of
one typical experiment are shown here.2.7. Measurement of free radical by electron spin resonance spec-
troscopy (ESR)
The amount of superoxide anion (O2
−) was determined as a
Tiron radical signal using ESR (ESR 850, Jeol Ltd., Japan). An aliquot
of Tiron solution (ﬁnal 50 mM), which was applied in various
samples, was placed in a 100 ml capillary quarts tube, and the ca-
pillary quartz tube was then inserted in a microwave cavity. The
relative quantity of a O2
− signal was calculated on the basis of a
function of a standard signal, which was obtained from Mn.1.2 kGy 2.0 kGy 4.0 kGy
.2 2 4
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es of B. cinerea of cut roses ﬂowers. The applied doses in this study were 0, 0.2, 0.4,
ample. The D10 values for B. cinerea were determined by calculating the negative
es. Error bar is standard errors of three replications. (B) Growth of B. cinerea after
nges in growth of B. cinereameasured at irradiation doses. Inhibition (%) means the
ed by the different letters are signiﬁcantly different (po0.05) by Duncan's multiple
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Data were subjected to analyses of variance (ANOVA) at
po0.05 using SPSS 13.0 software for Windows (SPSS Inc., USA)
and Duncan’s multiple range tests were used to compare the dif-
ferences among the mean values.3. Results and discussion
3.1. Effect of gamma irradiation on fungal viability
The viability of fungi after irradiation revealed that gamma ir-
radiation signiﬁcantly reduced the viability of fungal spores. To
expand the observations of the sensitivity of gamma irradiation on
rose B. cinerea, D10 values, the dose required to inactive 90% of a
microbial population, were determined from the slopes of the
survivor curves after gamma irradiation on fungal spores (Fig. 1A).
Spores of B. cinerea in cut roses decreased from
4.1070.02 log10 CFU/mL (initial) to 1.7370.03 log10 CFU/mL
(2.0 kGy), whereas B. cinerea was not detected after 4.0 kGy of a
gamma irradiation. The sensitivity of B. cinerea was signiﬁcantly
increased by dose-dependent gamma irradiation (po0.05). Anti-
fungal activity of gamma irradiation on rose B. cinerea was eval-
uated by an assay, inhibition of fungal mycelial growth in a PDA
medium with gamma irradiation. The degree of antifungal activity
was noted as a percentage of the control, with 100% inhibition
indicating complete inhibition. Gamma irradiation inhibited 13, 37,
56, 71, and 100% of the growth of B. cinerea at dose of 0.4, 0.8, 1.2,
2.0., and 4.0 kGy, respectively (po0.05). Consistent with fungal
spore viability to gamma irradiation, mycelial growth of B. cinerea
was completely inhibited at over a dose of 4.0 kGy. Inhibition of
mycelial growth gradually increased at higher radiation doses,
indicating that antifungal activity to gamma irradiation showed a0 Gy 0.5 kGy 1.0 kGy
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Fig. 2. Effect of gamma irradiation on the spore structure and germination. (A) The surfac
2.0, 3.0, and 4.0 kGy). Scale bar¼20 mM. (B) Microscopy image of B. cinerea spores after g
germination rates observed after 12 h incubation after gamma irradiation. The germinat
followed by the different letters are signiﬁcantly different (po0.05) by Duncan’s multipdose-dependent manner (Fig. 1B and C).
3.2. Morphological alteration of B. cinerea spores to gamma
irradiation
After conﬁrming the inhibitory effects of gamma irradiation,
morphological changes of fungal spores after irradiation were
examined by analyzing the SEM images. SEM was employed with
spores with irradiation at dose of 0.5, 1.0, 2.0, 3.0 and 4.0 kGy. It is
obvious from the images that the shapes of higher dose irradiated-
spores showed signiﬁcant structural changes compared to non-
irradiated spores (Fig. 2A). When spores were irradiated below
1.0 kGy, structural changes were not much different. However, a
dose of over 1.0 kGy showed that treated spores were crushed and
exhibited a high degree of hollowness on the spore surface,
whereas the non-irradiated spores were short, planiform elliptical
rods. Although many researchers have employed SEM to study
structural changes in microbial vegetable cells after irradiation, not
many have been conducted regarding postharvest pathogenic
fungi (Dadachova et al., 2007). The present study demonstrates the
remarkable dose-dependent alterations in the surface of the B.
cinerea spores that are caused by gamma irradiation. These data
verify the destruction spores and provide clear evidence of the
antifungal activity of irradiation. To expand the observation of the
inﬂuence of irradiated fungal spores on the growth of B. cinerea,
changes in spore germination were evaluated at 12 h incubation
after irradiation. After gamma irradiation, 71.6%, 46.6%, 16.6%, 8.3%,
and 0% of the spores were germinated after 12 h of incubation at
doses of 0.5, 1.0, 2.0, 3.0, and 4.0 kGy, respectively while 96.6% was
observed for the non-irradiated control (Fig. 2B and C). A sig-
niﬁcant decrease (po0.05) in the germination percentage of B.
cinerea spores was found within a dose of 1.0–2.0 kGy. The sig-
niﬁcant inhibition of fungal growth is due to the irradiation related
to the physiological malfunction of spores caused by changes of2.0 kGy 3.0 kGy 4.0 kGy
Gy 2 kGy 3 kGy 4 kGy
tion dose (kGy)
d
e
f
e morphology of fungal spores analyzed by SEM after gamma irradiation (0, 0.5, 1.0,
amma irradiation. The images were taken after 12 h of incubation. (C) Relative spore
ion rate measured at irradiation doses and calculated as described in Fig. 1. Values
le test (n¼3).
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Fig. 3. Physical properties of irradiated cut ‘Babe’ and ‘Shooting Star’ roses. (A) The images showing the phytotoxicity of cut roses after 10 days after various doses of gamma
irradiation (0–0.6 kGy). (B) Changes in ﬂower opening of cut ‘Babe’ and ‘Shooting Star’ after 1 day (■) and 10 days (□) after irradiation. The points are the means of four
replicates7SD. Different character means statistically different at po0.05. (C) Fresh weight changes of cut rose ﬂowers after gamma irradiation and storage for 1 day (■) and
10 days (□) at 10 °C. The error bar was standard error of three replications.
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of DNA repair ability, and damage of enzymatic, energy-requiring
repair mechanisms.
3.3. Effect of gamma irradiation on cut rose quality
To obtain the minimal dose of gamma irradiation that does not
affect the cut rose quality, changes in the physical properties of cut
roses to irradiation were evaluated at various doses of gamma rays
on two cultivars of cut roses (Rosa hybrid L.), ‘Babe’ and ‘Shooting
Star’, the most sensitive cultivars against B. cinerea for export in
Korea. After gamma irradiation of 0.2, 0.4, and 0.6 kGy on ‘Babe’
and ‘Shooting Star’, the cultivars were kept at 1070.5 °C, the same
conditions where commercial cut roses are stored for 10 days, and
then monitored the injury threshold, ﬂower opening, and fresh
weight. Cut roses irradiated at over a dose of 0.4 kGy showed
bleached or blacken areas, 1–3 mm wide on ﬂowers and a bent
neck in ‘Babe’ and ‘Shooting Star’, respectively (Fig. 3A). The
blackened areas and a bent neck were not immediately noticeable
after irradiation, but began to appear several days thereafter, and
there were no other visible phytotoxicity symptoms on the ﬂowers
or foliage. This radiation-induced damage was more severe with
increasing radiation dose and time of storage. As a result of the
data obtained from the injury threshold experiment, irradiation
dosages were decreased under 0.4 kGy, which was less injurious to
the cut ﬂowers for further study. Cut ﬂowers of ‘Royalty’ roses
were also very sensitive to electron-beam irradiation, with ﬂower
opening and fresh weight (Chang et al., 1997). For an evaluation of
the ﬂower opening to gamma irradiation, ‘Babe’ and ‘Shooting
Star’ were irradiated at doses of 0.2, 0.4, and 0.6 kGy, and thelength of the opened ﬂowers was then measured. Interestingly, the
ﬂower opening of irradiated cut ﬂowers was inhibited in a dose-
dependent manner (Fig. 3B). However, the ﬂower opening of ‘Babe’
irradiated at a dose of 0.6 kGy increased compared to non-irra-
diated ﬂowers, suggesting that it is possible that a dose of 0.6 kGy
is a threshold of ﬂower opening to irradiation on ‘Babe’. It is in-
teresting note that treatment of below 0.4 kGy also elevates the
vase life of cut roses. The fresh weigh of rose irradiated at 0.2, 0.4,
and 0.6 kGy in water decreased from about 10 days (Fig. 3C). ‘Babe’
irradiated at 0.2, 0.4, and 0.6 kGy decreased about 20% of fresh
weight after 10 days, whereas ‘Babe’ non-irradiated naturally de-
creased about 10%. Contrary to ‘Babe’, only a dose of 0.2 kGy had
the least inﬂuenced on least the fresh weight of ‘Shooting Star’. As
in the fresh weight experiment, the higher the dosage, the faster
the roses began to lose fresh weight, which shortened the vase life.
Based on changes in physical properties after the gamma irradia-
tion, a dose of 0.2 kGy is the optimal condition for control of B.
cinerea without signiﬁcant physiological changes in cut roses.
3.4. Synergistic effect of combined treatment with gamma irradia-
tion on B. cinerea
Single treatment of gamma irradiation is not able to inactivate
most microorganisms because of their different radiosensitivities.
The cut roses will have a negative effect on the physio-chemical
properties or other quality parameters at doses required to com-
pletely inactivate postharvest diseases (Chang et al., 1997). Thus,
several recent studies suggested have that combined treatment
with gamma irradiation and eco-friendly agents effectively con-
trolled the postharvest harvest diseases on fruits (Yoon et al.,
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Fig. 4. Synergistic effect of combined treatment on B. cinerea of cut rose ﬂowers. (A) Synergistic reduction of integration of gamma irradiation and NaDCC treatment on B.
cinerea conidia of cut rose ﬂowers. Error bar was standard error of three replications. (B) Inhibition of the growth of B. cinerea with the integration of gamma irradiation and
NaDCC treatment on cut roses, ‘Babe’ and ‘Shooting Star’ ﬂowers. Visual appearance of cut rose ﬂowers treated indicated the conditions, and the ﬂowers were photographed
at 7 days post treatment. (C) Disease severity in cut rose ﬂowers after combined treatment. The disease severity was scored using a scale of 0 to 4. Values followed by the
different letters are signiﬁcantly different (po0.05) based on Duncan’s multiple test (n¼3).
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NaDCC, also known as sodium dichloro-s-triazinetrione, a
chlorine donor, has been approved by the United States Environ-
mental Protection Agency and the World Health Organization for
the routine treatment of foods. Nicholl and Prendergast (1998)
suggested that a 30 min in NaDCC reduced the initial microbial
load in various vegetables by 1.69–2.42 log compared to water
washed controls. Although NaDCC treatment alone has an effective
antibiotic activity, continuous efﬁciency is not entirely maintained
during storage. Thus, a combined treatment of NaDCC and sup-
portive treatment give rise to an effective approach to the disin-
fection of pathogens.
To examine whether combined treatment with gamma irra-
diation and NaDCC show a synergistic effect, combined treatment
was introduced to B. cinerea conidia for disinfection. The sensi-
tivity was signiﬁcantly increased with combined treatment com-
pared with the gamma irradiation used alone (Fig. 4A). Based on a
comparison of single and combined treatments, the initial value of
the conidial number by a dose-dependent NaDCC was signiﬁcantly
reduced by 4.01, 3.59, and 2.10 log10 CFU/mL (po0.05). Based on
the physical properties after gamma irradiation, 0.2 kGy which is a
threshold that does not affect the quality of cut roses, was used as
the maximum dose for the combined treatment. 0.2 kGy gamma
irradiation and various concentrations of NaDCC, i.e., 30, 50, and70 ppm, were used to inhibit the fungal development (Fig. 4B). A
chlorine odor was created at more than 100 ppm of NaDCC, and
thus NaDCC was used at less than a 100 ppm concentration of
NaDCC. As a result of artiﬁcial inoculation, the combined treat-
ment with 0.2 kGy of irradiation and 70 ppm of NaDCC sig-
niﬁcantly inhibited the fungal development in ‘Babe’ and ‘Shooting
Star’ (Fig. 4B). To monitor the degree of disease index by combined
treatment, the disease severity index (DSI) (0 to 4) was observed
for cut roses based the amount of leaf area infected (Fig. 4C). The
combined treatment with 0.2 kGy of irradiation and 70 ppm of
NaDCC showed the lowest DSI compared to other treatments on
‘Babe’ and ‘Shooting Star’ (po0.05). The combined treatments of
gamma irradiation and chlorination were introduced in fruits and
seafood for inactivation of pathogens, but cut ﬂowers were not
attempted owing to their sensitivity to irradiation (Yoon et al.,
2014; Jung et al., 2014). Chang et al. (1997) found that a single-
beam did not control B. cinerea populations in cut roses, the rose
quality decreased as the dosage increased. In this study, the
minimum dose of the developmental inhibition on B. cinerea was
signiﬁcantly reduced from 2 kGy to 0.2 kGy irradiation with a
combined treatment with 70 ppm of NaDCC. The combined
treatment will be applied to postharvest management for fruits,
vegetables, and cut ﬂowers. In addition, it is likely that the com-
bined treatment can be used to disinfect pathogens following the
0 hr 12 hr
Control (-)
70 ppm
200 Gy
200 Gy +  70 ppm
Control (-) 200 Gy 70 ppm 200 Gy + 70 ppm
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c
d
Fig. 5. Effect of the combined treatment with gamma irradiation and NaDCC on fungal spore structure and germination. (A) Surface morphology of fungal spores analyzed by
SEM after combined treatment. (B) Imaging of B. cinerea germination of combined treatment. The spore images were taken at 12 h post treatment. (C) Relative spore
germination rates observed after 12 h incubation after the combined treatment. Germination rate measured at the indicated conditions and calculated as described in Fig. 1.
Values followed by the different letters are signiﬁcantly different (po0.05) based on Duncan’s multiple test (n¼3). (D) ESR intensity of B. cinerea after combined treatment.
ESR spectra showing superoxide anion radical levels in treated samples. Tiron was used as the spin trap.
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3.5. Changes of combined treatment on fungal spores
To expand the observations of the inhibition of the growth of
irradiated fungal spores, morphological changes and germination
rates were observed in combined treatment with 0.2 kGy of irra-
diation and 70 ppm of NaDCC (Fig. 5). SEM was employed with
spores with 0.2 kGy, 70 ppm of NaDCC, and 0.2 kGy and 70 ppm of
NaDCC. It is clear from the images that spores given by the com-
bined treatment were crushed and exhibited a high degree of
hollowness on the spore surface, and thereby inhibited the growth
of B. cinerea on cut roses (Fig. 5A). Changes in spore germination
were evaluated at 12 h incubation after combined treatment. Only
5.2% of the spores were germinated in combined treatment with0.2 kGy and 70 ppm of NaDCC (po0.05). Another important
physico-chemical property of irradiation in fungal spores is the
increasing levels of reactive oxygen species (ROS) that include
superoxide anion radicals (O2
−), hydrogen peroxide (H2O2), hydro-
xyl radicals (OH), and singlet oxygen (O2). Superoxide anion is
the most common among these species and is produced in a large
amount in the cell. To investigate whether ROS is directly asso-
ciated with the inhibition of the fungal development in the com-
bined treatment, ESR spectroscopy was employed to detect the
presence of superoxide anion radicals (Fig. 5D). No signal was
detected from the non-treated spores. It is interesting to note that
there is no signiﬁcant difference in ESR peaks in 0.2 kGy, 70 ppm
of NaDCC, and 0.2 kGy and 70 ppm of NaDCC. It is possible that
other factors such as other ROS, cell membrane, and a loss of DNA
repair ability are involved in the inhibition of fungal development
E.-H. Chu et al. / Radiation Physics and Chemistry 115 (2015) 22–29 29in the combined treatment.4. Conclusion
The control of postharvest pathogens in cut roses requires high
doses of gamma irradiation, which causes changes in physico-
chemical properties and thereby inﬂuences the quality of cut ro-
ses. The results from this work suggest that the integration of
gamma irradiation and NaDCC treatment should be effective for
the satisfactory control of established infections of B. cinerea on cut
roses. It is likely that the reduction of disease is probably due to
the direct effects of the combined treatment with irradiation and
NaDCC treatment on the structures of the pathogen. Provided that
the integration of gamma irradiation and NaDCC treatment be-
comes more common in the future for cut ﬂowers, this is a sig-
niﬁcant result for the cut roses industry, and irradiation is an ef-
fective alternative to conventional synthetic fungicides for the
control of postharvest diseases. Moreover, the combined treat-
ment will improve the content of components with beneﬁcial ef-
fects for health and extend the shelf-life. These advantageous ef-
fects depend on the dose and cut ﬂower species and cultivars. In
addition, the gamma rays have high penetrating ability, and thus
gamma irradiation at doses below 0.4 kGy can be used for the
control of insects on cut ﬂowers for export. Further research
should evaluate scaling-up to commercial application and provide
an application requirement proﬁle of irradiation in combination
with eco-friendly agents for control of other pathogens such as
bacteria and viruses.Acknowledgment
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